Given that vascular calcification is inversely correlated with the clinical intake of menaquinone, a rat model of warfarin-induced calcification may be useful for testing menaquinone and vitamin K-1 potential effects on vascular function. The aim of the present study was to investigate effects of vitamin K-1 and menaquinone-7 treatments on blood pressure and vascular function in warfarininduced vascular calcification model during five-week intervention in normotensive Wistar-Kyoto rats. Blood pressure was measured weekly, and at the end of the intervention in vitro vascular reactivity measurements were done. Alizarin Red S and von Kossa stainings were used to record possible calcification of aortic sections. Routine clinical chemistry was done from serum and urine samples. Vascular calcification was seen only in a few warfarin-treated animals in histological staining. Warfarin-treatment did not change significantly blood pressure of the rats. Warfarintreatment increased slightly the endothelium-dependent relaxation of aorta after the L-type calcium channels were blocked. Also the vascular relaxation improved after NOS inhibition in the aorta of the healthy controls and menaquinone-7 treated animals, indicating that the relaxation in those groups was not totally dependent on NO. Clinical chemistry from serum showed some differences in urea, creatinine as well as lipid and glucose metabolism between the healthy controls and warfarin-treated rats.
Introduction
Vascular calcification, the extracellular deposition of calcium in the vascular wall, occurs in relation to a number of vascular disorders, including vascular smooth muscle apoptosis and endothelial dysfunction. It may also lead to more severe cardiovascular diseases like hypertension and atherosclerosis [1] .
Vascular calcification is inversely correlated with vitamin K-2 (menaquinone, MK) intake in humans [2] - [4] . Therefore, warfarin-induced calcification in rats may offer a potential model for testing the possible actions of vitamin K-1 (K-1) and MK on vascular function.
Several weeks of warfarin treatment has been shown to induce artery wall (elastic lamellae) and heart valves calcification [5] - [12] in experimental models. This phenomenon is not related to anticoagulation or decreased activity of factors II, VII, IX, X, or protein C and S. In addition to these vitamin K-dependent proteins produced in the liver, there are a number of extra-hepatic vitamin K-dependent proteins including matrix Gla protein (MGP), a 10-kDA protein that contains five residues of the vitamin K-dependent calcium binding amino acids, gamma-carboxylglutamic acid (Gla). Other vitamin K-dependent proteins include osteocalcin, nephrocalcin, plaque Gla protein, growth arrest specific gene 6 (Gas 6) and proline rich Gla proteins [13] . Reduced carboxylation of these proteins is likely to be an unavoidable side-effect of warfarin therapy. MGP knockout mice develop severe calcification of the arterial system suggesting that MGP normally prevents this process [14] . Warfarin seems to inhibit the activation of MGP and therefore causes vascular calcification in animal models [15] [16] .
The aim of the present study was to investigate the effects of K-1 and menaquinone-7 (MK-7) on vascular calcification in an animal model and to test the suitability of the warfarin model for this purpose. Blood pressure, vascular function and basic clinical chemistry monitoring widened our knowledge on the long-term effects of the warfarin alone or together with vitamin K-1 or MK-7 treatments.
Materials and Methods

Diets and Animals
Male Wistar-Kyoto rats (WKY) (10 weeks old, weight 242 -245 g, purchased from Scanbur Ab, Sollentuna, Sweden), with free access to tap water and irradiated (0.9 Mrad) vitamin K-deficient diet (Harlan, Venray, The Netherlands), were randomized based on systolic blood pressure value and weight into four groups of 10 animals (housed five in a gage) in a standard experimental laboratory (illuminated from 7 am to 7 pm, humidity 55% ± 15%, temperature 22˚C ± 2˚C). The protocol was approved by National Animal Experimentation Committee of Finland according to EC Directive 86/609/ECC and Finnish Experimental Animal Act 62/2006.
The warfarin-induced calcification model and diets were used as reported earlier [7] [8]: Groups were as follows: Healthy control group (H-C) received vitamin K-deficient diet containing K-1 (Merck, Darmstadt, Germany) 5 µg/g feed (which is normal K-1 level in a standard rodent diet in Harlans diets). Warfarin control group (W-C) received 3 mg of warfarin/g feed and 1.5 mg K-1/g feed. Vitamin K-1 group (K-1) received 3 mg of warfarin/g feed 1.5 mg K-1/g feed with simultaneous administration of K-1 (in total 2 -3 mg/g feed). Menaquinone-7 group (MK-7) received 3 mg of warfarin/g feed and 1.5 mg K-1/g feed with simultaneous administration of MK-7 (100 µg/g feed) (generous gift from Kappa Bioscience, Oslo, Norway) ( Table 1) . The rat strain, sex and age as well as the warfarin doses and treatment period were based on previous studies [5] - [8] .
The intervention lasted for 5 weeks and consumption of feed and water were recorded daily. K-1 and MK-7 were diluted in corn oil and warfarin (Sigma-Aldrich, St. Louis, MO, USA) was mixed directly into the feed powder. All diets contained equivalent amount of corn oil (7 ml/kg feed). K-1 and MK-7 are sensitive to light, therefore all diets were prepared and stored as dark as possible. High dose (3 mg K-1/g feed) of vitamin K-1 (K-1 group) showed toxic effects in two weeks, but the animals recovered after reduction of the dose (2 mg vitamin K-1/g diet). 
Blood Pressure Measurements
Blood pressure and heart rate measurements (CODA-program, Kent Scientific Corporation, Torrington, CT, USA) were carried out weekly by an automatic tail-cuff method by the same person (AS) at the same time of day. Rats were pre-warmed at 32˚C for 10 -15 min before measurements. Blood pressure and heart rate measurement were repeated 20 times (each rat) and systolic blood pressure (SBP), diastolic blood pressure (DBP) and heart rate were calculated as the mean of the measurements accepted by the CODA program (at least 5 accepted measurements).
Sample Collection
After 5 weeks, rats were killed with isoflurane gas (5%) and blood was collected by heart puncture and placed in clot Act z containing and silicon coated tubes (Venosafe, Terumo, Lueven, Belgium), centrifuged at 4˚C and 3000 g for 10 min after serum was collected, and kept at −80˚C until further analysis. Urine samples were collected from bladder puncture and kept at −80˚C. Weights of the heart, left ventricle, and left kidney were measured. Parts of the descending aorta were fixed in neutral buffered 10% formaldehyde (Sigma-Aldrich) and after 48 h placed in 70% ethanol and embedded in paraffin for further histological studies. 
Vascular Reactivity Studies
Changes in vascular tone and endothelial function were studied in standard organ bath chambers with a computerized system (EMKA Technologies, Paris, France). Endothelium-intact mesenteric artery rings and descending aorta rings without adherent connecting tissue were hooked with stainless steel hooks (diameter 0.1 mm for mesenteric arteries and 0.2 mm for aortas), placed in oxygenated Krebs buffer in organ bath chambers (10 ml, 37˚C), and vascular reactivity was studied using vasoconstricting and vasodilating drugs. The vascular reactivity study protocol was as follows: After 1 h equilibration time in 1.5 g baseline tone, about 3 mm long rings were contracted using 60 mM KCl to initiate a contraction response. Intact endothelial function was tested using 10 µM acetylcholine (ACh) after 1 µM phenylephrine (PE) contraction. Cumulatively ACh (1 nM -10 µM) relaxation and endothelium-independent relaxation with sodium nitroprusside (SNP) (1 nM -1 µM) were tested. The role of calcium channels and nitric oxide (NO) were studied using 15 min preincubation of 1 µM nifedipine (L-type calcium channel blocker) or 100 µM L-N G -Nitroarginine methyl ester (L-NAME, nitric oxide synthase inhibitor) before PE contraction and cumulative ACh relaxation. The rings were washed three times with Krebs buffer and equilibrated for 20 -30 min between the different measurements. The concentrations reported here are the final concentrations in the organ chamber. All compounds were pur-chased from Sigma-Aldrich. ), albumin, glucose, urea, total protein, inorganic phosphate, and creatinine from urine and serum. Also, alanine aminotransferase, alkaline phosphatase, aspartate transaminase, creatine kinase, total bilirubin, high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglycerides, and total cholesterol were measured from serum using the same multichannel analyser.
Clinical Chemistry Measurements
Blood Coagulation Measurements
Prothrombin time (INR, international normalized ratio) was determined using the standardized technique (GoaguChek XS System-instrument and Guagu Chek XS PT Test, Roche Diagnostic, Mannheim, Germany).
Histological Staining
Possible aortic calcification was evaluated from histology samples using Alizarin Red S and von Kossa stainings. In von Kossa staining, nuclear fast red (Merck, Darmstadt, Germany) was used as a counterstain. Paraffin-embedded samples samples (n = 6 -8 each group) were cut longitudinally into serial sections of 6 -7 µm with microtome (several sections per sample). After deparaffinization and hydration the tissue sections were stained using 1.1% Alizarin Red S solution (AppliChem, Kongens Lyngby, Denmark) (pH 4.2 adjusted with 0.5% ammonium hydroxide) or with 5% silver nitrate solution (Sigma-Aldrich) (1 hour incubation in bright light). After dehydration, the samples were mounted with DePex mounting medium (VWR international, Leicestershire, England) and analyzed by light microscope (Leica Microsystems, Wetzlar, Germany).
Statistical Analyses
All the measurements and statistical evaluations were performed blinded. The results are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism software (version 4.02). One way analysis of variances (ANOVA) followed Tukey multiple comparison tests were used to compare different groups. Difference was considered significant if p-value < 0.05. Table 1 illustrates the daily dosing of feed, water, vitamin K-1, warfarin and MK-7 in different groups during 5 weeks' study period. Warfarin-treatment influenced the development of body weight. The healthy control group (H-C) was heavier than the other groups (p < 0.01) and thus, kidney, heart and left ventricle (all related to body weight) were smaller compared to the warfarin-treated groups (Table 2) (p < 0.01 for kidney). There were no differences in feed consumption between the groups, thus, the higher body weight of the healthy group cannot be explained by that ( Table 2) . Warfarin-treated rats consumed more water than the healthy controls (p < 0.01). There were no significant differences in fluid consumption between three warfarin consumed groups ( Table 2) .
Results
Body and Organ Weights, Feed and Water Consumption
Blood Pressure and Heart Rate
There were no differences in systolic or diastolic blood pressure or heart rate of the rats during the intervention. Different baseline values were taken into account in statistical tests. Warfarin-treatment did not influence blood pressure or heart rate (Figure 1). 
Prothrombin Time
Warfarin-treatment did not influence the blood coagulation process, INR values were at the same levels in the beginning and at the end of the intervention (Figure 2) , indicating that vitamin K-1 balanced warfarin anticoagulation effects, and the rats did not suffer bleeding during the intervention. Table 2 . Daily water (ml) and feed (g) consumption per rat and body mass (g) and the weight of kidney, heart, and left ventricle related to body mass (mg/g) of the rats. Mean ± SEM, n = 9 -10. 
Vascular Function
Vascular function was measured using endothelium-intact rings of mesenteric artery (small vessel) and aorta (large vessel). Potassium chloride-induced (60 mM, KCl) contraction in mesenteric arteries was more pronounced in the healthy group (H-C) and a similar tendency was seen in phenylephrine (PE) contraction (Figure 3 ). There were no differences in aorta contraction between the groups. In Figure 4 , the endothelium-dependent and -independent relaxations in mesenteric arteries and aorta are shown. Endothelium-dependent vasorelaxation was recorded using acetylcholine (ACh) cumulatively. In the warfarin control group (W-C) relaxation was slightly reduced. In aortas of the healthy group (H-C) relaxation was the smallest (Figure 4(a) ), however, the difference was not statistically significant.There were no differences in sodium nitroprusside (SNP)-induced endothelium-independent vasorelaxation (Figure 4(b) ), indicating normal smooth muscle function. L-type calcium-channels were blocked using nifepidine (Figure 4(c) ). In mesenteric arteries there were no differences between the groups. The best relaxation was seen in the aortas of warfarin control group (W-C) and the worst in the healthy controls (H-C).The relaxation of MK-7 and K-1 groups was between the W-C and H-C groups (H-C vs. other groups p < 0.05) (Figure 4(c) ).
Inhibition of nitric oxide synthatase (NOS) with L-NAME in mesenteric artery relaxation reduced similarly ACh relaxation in all treatment groups (Figure 4(d) ). The blockade was not total leaving about 25% relaxation obviously related to endothelial prostacyclin and endothelium-derived hyperpolarizing factor (EDHF) production. In aortas, the healthy controls and the MK-7 group showed some relaxation even after NOS inhibition, while in the two other groups no relaxation to ACh was seen, indicating nitric oxide's main role in endothelium dependent relaxation (H-C vs. vitamin K-1 p < 0.01) (Figure 4(d) ).
Vascular Calcification
Vascular calcification was measured in histological samples of descending aorta using Alizarin Red S and von Figure 4 . Acetylcholine-induced (ACh) (endothelium-dependent) (a) and sodium nitropruside-induced (SNP) (endothelium-independent) (b) relaxation after phenylephrine (PE) contraction of mesenteric artery (left column) and aorta (right column) rings. The role of L-type calcium channels (c) and nitric oxide (d) was studied using inhibitors (nifedipine and L-NAME, respectively). H-C = Healthy control, K-1 = Vitamin K-1, MK-7 = Menaquinone-7 and W-C = Warfarin control. Mean ± SEM, n = 7 -10.
Kossa stainings. For some reason, systemic vascular calcification formed only in two warfarin-treated samples. It seems that the warfarin model did not work as expected based on the results from two histological staining methods for calcium detection: Alizarin Red S and von Kossa (Data not shown, n = 6 -8 in each group).
Clinical Chemistry
The results from serum clinical chemistry analysis are shown in Table 3 . The levels of triglycerides, glucose and urea were reduced and the creatinine concentration was increased in the all warfarin-treated groups compared to the healthy controls. Alkaline phosphatase levels were decreased in the K-1 group vs. the healthy and warfarin control groups. Low density lipopolysaccharide (LDL) was decreased and total cholesterol increased in the healthy group. There were no differences in high density lipopolysaccharide (HDL) levels between the groups.
Clinical chemistry analysis from urine samples related to creatinine values is shown in Table 4 . There were no significant differences between the groups, except urea levels were slightly higher in the warfarin-treated groups (p < 0.05). In addition, glucose and albumin excretions were somewhat elevated but not statistically significantly in the warfarin groups. Urine samples were collected with bladder puncture after sacrifice and therefore are not as reliable as from 24 h collection.
Discussion
In the present study we have investigated the blood pressure and vascular effects of vitamin K-1 and menaquinone-7 in an animal model of vascular calcification induced by warfarin in young Wistar-Kyoto rats. We used Table 3 . Clinical chemistry parameters from serum samples. Mean ± SEM, n = 9 -10. Table 4 . Clinical chemistry parameters from urine samples. Mean ± SEM, n = 9 -10. × All parameters were related to creatinine values. four different treatment groups (healthy control, warfarin control, vitamin K-1, and menaquinone-7). All the tested compounds were administered mixed in the feed. During the five-week study-period, blood pressure was recorded weekly and at the end of the experiment, vascular function studies were performed using aortic and mesenteric artery segments in vitro. The formation of vascular calcification was not detected systematically in all the warfarin-treated groups although we adapted our experimental design, doses, diets, and duration of the experiment, from earlier studies [5] - [8] with a similar study hypothesis. Howe et al. [6] used younger rats of different strain (Sprague-Dawley), and K-1 and warfarin dosage were administered subcutaneously which makes it difficult to compare the results and doses to this investigation. However, in the study by Spronk et al., [7] the design was highly similar. Previous studies have shown that vitamin K-2 [5] and menaquinone-4 [7] , a shorter menaquinone derivative than MK-7, is able to prevent warfarin-induced vascular calcification and K-1 (doses between 1 -6 mg/g food) had no effect on the formation of calcium deposits [7] . However, in study by Spronk et al. [7] menaquinone dose was 15-fold higher (1.5 mg/g feed) than in our experiment and Schungers et al. [8] provided no detailed data regarding which form of menaquinone their vitamin K-2 preparation contained, though the used dose (100 µg/g food) was the same as in our study.
Over the five-week study-period systolic and diastolic blood pressure remained unchanged between the treatment groups. Heart rates also showed no difference between the groups. Recent studies [9] - [12] have shown that warfarin treatment increases systolic blood pressure of rats. However, warfarin treatment in our study failed to increase systolic blood pressure probably due to poor vascular calcification, and it is possible that mild calcification does not affect vascular stiffness and function enough to influence blood pressure. This assumption is also supported by the results from the present vascular reactivity studies, which showed that warfarin treatment influenced neither vascular endothelium dependent nor independent relaxation of the aorta (large vessel) nor that of the mesenteric arteries (small vessel). This is in agreement with the findings of Essalihi et al. [17] in which only aortic responses were tested. After calcium channel blockade using nifedipine, all warfarin-treated groups showed slightly better endothelium-dependent relaxation (p < 0.05) in the aorta and after nitric oxide synthase (NOS) inhibition using L-NAME, endothelium-dependent relaxation were slightly better in healthy controls, and menaquinone-7 groups (p < 0.05). This phenomenon was not seen in the mesenteric arteries. We also tried to measure calcium concentrations of the aorta segments. The method (Inductively coupled plasma mass spectrometry, ICP-MS) was not sensitive enough for the small concentrations of calcium (data not shown).
Interestingly, in the mesenteric artery rings, warfarin treatment reduced contractibility of the vessels reducing it especially after KCl contraction, and slightly after PE stimulation. This was not seen in aortas suggesting that warfarin treatment can modify contractibility in smaller vessels independently of possible calcification. However, endothelium-dependent relaxation was slightly impaired in this group. This could be associated to smaller contraction.
Warfarin treatment augmented the weight gain of the rats, which could not be explained by increased feed consumption. It also affected fat metabolism by decreasing total cholesterol and increasing LDL and triglycerides in serum, however, there were no differences between the warfarin-treated groups. This phenomenon may have something to do with weight development. Warfarin treatment also slightly influenced kidney function seen in urine clinical chemistry values of which urea and albumin levels were elevated, though, the kidney size was smaller (related to body mass) in H-C groups compared to the warfarin-treated groups, although this may be due to the higher body mass of H-C group.
Alkaline phosphatase levels were decreased in the K-1 group vs. H-C and W-C groups. In the MK-7 group, alkaline phosphatase was also slightly reduced. Alkaline phosphatase promotes calcification by reducing pyrophosphate levels. Pyrophosphate is a potent inhibitor of medial vascular calcification in vitro and in vivo [18] [19] . Decreased alkaline phosphatase levels may thus have a vascular calcification protecting property. In addition, serum glucose and urea were increased and creatinine was decreased in H-C group compared to the warfarin-treated groups. Although, all clinical chemistry values were in normal range [20] , thus severe pathological conditions can be left out of the discussion.
Clinically the question on possible role of vitamin K-1 or K-2 deficiency and its relation to coronary artery and other arterial calcifications under warfarin therapy is often forgotten or neglected. The deficiency may be more evident e.g. in vasculature than in the liver [21] . Vitamin K-1 originates mainly from green vegetables in the diet but microbes in the gut are also important K-vitamin producers seen as unbalanced vitamin K-status during chronic treatment with broad spectrum antibiotics. A short comprehensive review has recently been pub-lished in connection of a case report of arterial calcification associated with warfarin induced or dietary K-vitamin deficiency [22] . We have made a pilot evaluation from existing clinical laboratory data trying to find out correlation between blood INR values and serum calcium levels, but were not able to find it (Helin et al. unpublished). Further clinical or epidemiological studies are needed to solve relations between vitamin K-deficiency, warfarin therapy and arterial calcification.
Conclusion
Warfarin alone or together with vitamin K derivatives did not affect either blood pressure or endothelium-dependent or -independent relaxation of rat mesenteric arteries and aortas. Moreover, it did not induce systematic calcification of elastic lamellaes of rat aorta. However, warfarin treatment had significant effects on body weight and clinical chemistry parameters. It also slightly increased the endothelium-dependent relaxation of aorta after the L-type calcium channels were blocked. The vascular relaxation improved after NOS inhibition in healthy controls and MK-7 treated animals, indicating that in those groups the relaxation was not totally dependent on nitric oxide. Our results do not support previous observations on warfarin-induced vascular calcification and the role of vitamin K.
